INTRODUCTION
In recent years, the autocorrelation of both the diffusive wave field (e.g., ambient noise energy) and teleseismic coda waves has become a popular approach for extracting local structure beneath individual seismic stations, including the depth to the crust-mantle interface (Moho) and the Lithosphereasthenosphere Boundary (LAB). The idea of seismic wave autocorrelation was proposed by Kunetz and d'Erceville (1962) and Claerbout (1968) for plane waves at normal incidence to a horizontally stratified acoustic medium with a free surface, where one side of autocorrelation of the seismic transmission response (generated by a deep source) corresponds to the reflection response beneath the station as if there was a virtual source at the location of the receiver (zero-offset reflection). Subsequently, Frasier (1970) extended this theorem for the case of non-normal incidence propagation of elastic waves and Wapenaar (2004) extended this to 2-D and 3-D acoustic and elastic media.
Despite the success of many studies on the processing and/or forward modelling of autocorrelograms (e.g., Gorbatov et al., 2013; Kennett et al., 2015; Sun and Kennett, 2016; Phạm and Tkalčić, 2017; Saygin et al. 2017; Clayton, 2018) to our best knowledge, there are no published studies on the inversion of autocorrelograms for mapping major discontinuities in the crust and upper mantle. Here, we investigate the inversion of autocorrelograms for Moho imaging.
As a test-bed for the inversion of autocorrelograms, we use a Bayesian framework to invert autocorrelograms for imaging Moho structure across Australia. For this purpose, we retrieve stacked autocorrelograms from teleseismic waveforms containing P-wave coda, recorded on the vertical components of the permanent and temporary seismic stations across Australia (Figure 1 ). By checking the consistency of the Moho depth estimates obtained from the inversion with those from the Australian Seismological Reference Model (AuSREM) (Salmon et al., 2013) , here we mainly focus on the validation of the results to show the potential of this approach for imaging of the Moho structure. Our results reveal features that are linked well to those seen in the AusREM.
METHOD AND RESULTS
We construct stacked autocorrelograms for over 1200 permanent and temporary seismic stations across Australia (Figure 1 ). For permanent stations, operated by Geoscience Australia, we use all seismic data recorded from the starting date of their operations until 31st March 2018. Temporary stations typically have an operation period of a few months up to two years. For these stations, we use all of the seismic waveforms recorded during their operation period. We choose teleseismic events with magnitudes larger than 5.5 and epicentral distances between 30 and 90 degrees (slowness range of 0.04-0.08 s/km). At these epicentral distances, incoming Pwaves are steeply incident and mostly dominate the vertical component. The P-wave coda is extracted from a time window of 10 to 40 s after the theoretical P arrivals predicted by the ak135 model.
In the next stage, the seismic records with quality issues (e.g., dead traces, gaps, etc.) are automatically rejected, the mean of each seismogram is first removed and the resulting waveform is down-sampled to 10 Hz. To obtain the zero-offset reflection response (autocorrelogram) beneath each station, a fourth-order Butterworth band-pass filter with corner frequencies of 0.5 and 1.5 Hz is applied before and after the autocorrelation. Traces are then normalised to unit amplitude. The signal-to-noise ratio and the response of the receiver structure are enhanced through summation (stacking) of the autocorrelation waveforms. The effects of different source time functions are also suppressed by the band-pass filtering and stacking processes. Finally, one standard deviation (1σ) bounds for stacked autocorrelograms are also obtained from the variance of the stacks and used as uncertainty measures for data during the inversion. An example of selected events and resulting autocorrelograms for station AQ3E7 is given in Figure 2 .
SUMMARY
The autocorrelation of the seismic transmission response of a layered medium (autocorrelogram), in the presence of a free surface, corresponds to the reflection response. Despite many studies on the imaging of local structures through retrieval and forward modelling of stacked autocorrelograms, there is limited work on the inversion of these data. In this study, we show that the probabilistic inversion of autocorrelograms is efficient, and can be used as an alternative imaging tool when other approaches are not applicable. Here, we calculate autocorrelograms of teleseismic P-wave coda recorded on more than 1200 permanent and temporary seismic stations across Australia, and utilise a Bayesian framework to invert these data for imaging the Moho structure. The results show patterns of structures that are consistent with those seen in the Australian Seismological Reference Model (AuSREM).
We use Delayed Rejection Adaptive Metropolis (DRAM) algorithm (Haario et al., 2006) to invert the stacked autocorrelograms. DRAM is a combination of Adaptive Metropolis (AM) (Haario et al., 2001) and Delayed Rejection (DR) (Mira, 2001) algorithms and has been widely used in many geophysical applications (Ball et al., 2014; Afonso et al., 2016; Tork Qashqai et al., 2018) .
The Earth beneath each seismic station is parameterised with four horizontal and isotropic crustal layers over an upper mantle layer (half-space). Each crustal layer is described by three main parameters: density (ρ), thickness variation (Δh), and Vp/Vs. Density and Vp/Vs parameters in the upper mantle, as well as the slowness are also treated as unknown and directly derived from the inversion.
Results from the 1-D inversions at the full suite of stations are combined through interpolation to image the Moho structure and its related uncertainty across the continent (Figure 3a) . The interpolation technique from the Generic Mapping Tools package (Smith and Wessel, 1990; Wessel et al., 2013) is used to construct a grid with 0.5º × 0.5º resolution for the Moho structure across the Australian continent. The mean values of the posterior distributions of crustal parameters e.g., Moho and are used as input for interpolation calculations.
The Moho structure and its 1σ uncertainty, derived from its posterior distribution, are shown in Figures 3a and 3b , respectively. The 1σ uncertainties are < 10 % of the maximum Moho depth (< 6.0 km). Since the autocorrelograms are more sensitive to velocity discontinuities (similar to receiver functions), one of the possible reasons for the high uncertainties (e.g., 5 km) is the lack of strong impedance contrast at the crustmantle boundary at some locations, especially in east and southeast of Australia . In Figure 3c we show the Moho map obtained by Salmon et al. (2013) (the AuSREM Moho model), which has been derived using multiple seismic methods, such as deep seismic reflection profiling and receiver functions studies.
In Figure 3d , we display the difference between our Moho depth model and the AuSREM Moho model, where the negative values denote deeper Moho depths obtained in this study. In many parts of the continent, the velocity contrast across the crust-mantle boundary is gradational, and its thickness varies between 2 and 8 km (Salmon et al., 2013) .
Part of the reason for shallower Moho found in the present study at some locations is that our parameterization cannot capture this transition. Thus, we believe that shallower Moho depths obtained here are likely the top of this transition zone (e.g., east of Australia). Another reason for differences between our Moho map and the AuSREM Moho map is that the AuSREM model employed multiple data sources that provide a different pattern of coverage. For example, while we have a limited number of stations in central Australia, the AuSREM Moho values in this area were estimated from several seismic refraction and reflection surveys. Therefore, we have limited resolution after the interpolation in central Australia, leading to large differences with the AuSREM Moho values in this region.
Nevertheless, the overall pattern of our Moho depth model is highly comparable to that obtained by Salmon et al. (2013) (Figure 3c ). The majority of the difference between our model and the AuSREM Moho model is mostly negligible (± 2 km), and is between 2 and 6 km at some localities across the continent (e.g., central Australia). These differences lie within the 1σ uncertainty of the posterior distribution of the Moho depth. The consistency of our results with the AuSREM Moho model is suggesting that the Bayesian inversion of autocorrelograms can produce comparable results to those from receiver function and seismic reflection methods.
It is noteworthy that we find deeper Moho in the southeast of the Eromanga Basin and underneath the Murray Basin, and also in an area with a relatively thick crust near 33º S and 140º N, as seen in deep reflection profiling (Kennett, 2015) and receiver functions (Fontaine et al., 2013) images. These results are also consistent with those obtained by Kennett et al. (2015) using spatial stacking of high-frequency autocorrelograms. Shallower Moho depths imaged here around 37º S and 148ºN also matches the results of Kennett et al. (2015) . In summary, the dissimilarity between our Moho model and the AuSREM Moho model may be generally due to different approaches and/or data sets with disparate sensitivities and coverage being used.
CONCLUSIONS
We have developed a new approach for crustal imaging by utilizing teleseismic P-wave coda autocorrelograms for a large number of permanent and temporary seismic stations. We have demonstrated that the Bayesian inversion of teleseismic P-wave coda autocorrelograms is a useful and efficient approach to map deep crustal structure, and can serve as a framework for future developments and improvements. We have applied the approach to all available permanent and portable seismic stations (over 1200) across Australia to image Moho depth and crustal structure. The inversion results produce patterns of structures highly consistent with the previous crustal model obtained from many other seismological sources and methods. Our results confirm the utility of this approach, which removes the need for subjective picking of the Moho reflections in autocorrelation images. The framework used here can be further developed to taking into account the gradational transition from the crust to the mantle. The method is more cost-effective than the active seismic surveys/methods and can be used as an alternative tool for imaging shallow and deep crustal features when inversion of the receiver functions or deep seismic reflection profiling is not applicable. 
